Purpose. This study was conducted to assess the feasibility of a pulmonary formulation of tissue plasminogen activator (tPA) for nebulization into the airway by measuring protein stability, biologic activity, particle size, and estimating human lung distribution. Methods. Formulations were derived by varying the surfactant and protein concentrations. Protein stability and recovery of each nebulized tPA formulation were assessed by ultraviolet spectroscopy. Formulations that met protein stability feasibility criteria were assessed for biologic and fibrinolytic activities. Biologic activity was determined by their ability to inhibit superoxide anion production by human neutrophils. Fibrinolytic activity was assessed by the cleavage of plasminogen to plasmin. Aerodynamic properties were assessed using a cascade impactor, and an estimation of human airway deposition was made via a human lung replica. Results. Twenty-seven tPA formulations were initially assessed, 15 of which met protein stability criteria. Subsequently, three of these formulations maintained biologic and fibrinolytic activities. These formulations exhibited particle sizes of 2.4Y3.1 mm, and had respirable doses Q65%. A formulation of 1 mg mL j1 tPA and 0.1% Tween 80 exhibited a 45% deposition in the lower airways of a human lung replica. Conclusions. A suitable pulmonary tPA formulation was identified that, following nebulization, maintained protein stability as well as biologic and fibrinolytic activities, and resulted in an optimal respirable dose and human airway deposition. This formulation may be applicable in the treatment of lung diseases, such as acute respiratory distress syndrome by permitting targeted pulmonary delivery of a therapeutic protein to the lungs.
INTRODUCTION
Tissue plasminogen activator (tPA) is an endogenous serine protease that cleaves plasminogen to plasmin. This activity has been exploited clinically, as recombinant tPA is used to dissolve the thrombosis associated with myocardial infarction (MI) and stroke. We have previously shown that exogenously administered human tPA suppressed activatorinduced neutrophil superoxide anion (O 2 &j ) production and possessed antiinflammatory activity in an animal model of acute respiratory distress syndrome (ARDS) (1, 2) . Furthermore, the antiinflammatory effect was independent of the fibrinolytic activity of tPA (2) . Due to the unique properties of tPA activity, formulation of this protein for pulmonary delivery could prove beneficial in the treatment of ARDS. Given the high mortality associated with ARDS, effective treatment could have a significant impact on the outcome of these patients (3Y5). Therefore, direct administration into the airways would be the most viable route of administration of tPA. However, before this approach can be employed, it is essential to determine the feasibility of tPA formulated for direct pulmonary delivery. Evidence exists for the benefit of pulmonary delivery and this strategy would target both the antiinflammatory and fibrinolytic properties of nebulized tPA into the lungs (6Y9).
Therefore, this study sought to determine the feasibility of a tPA formulation for pulmonary delivery by utilizing a high-throughput strategy with prospectively determined feasibility criteria for protein stability, recovery, and activity following nebulization. In addition, respirable dose was measured using a cascade impactor, and assessment of pulmonary deposition efficiency of a nebulized protein formulation was determined by using a human lung replica.
MATERIALS AND METHODS

Preparation and Nebulization of tPA Formulations
Human recombinant tPA was prepared at a concentration of 1.25 mg mL j1 (tPA, alteplase, Activase \ ; Genentech, South San Francisco, CA, USA). A range (0Y0.5%) of surfactant (pharmaceutical grade Tween 80; Pierce Biotechnology, Rockford, IL, USA) and protein concentrations (0Y1.0 mg mL j1 ) were used in the preparation of 27 tPA formulation candidates. The formulations were prepared fresh and nebulization (5 mL) was performed for 15 min using a Micromist nebulizer (Hudson Respiratory Care, Temecula, CA, USA) with a Pulmo Aide compressor (DeVilbiss, Somerset, PA, USA). Each atomized formulation was collected by condensation.
Assessment of Protein Stability
Immediately preceding and following nebulization, protein stability was assessed by UV spectroscopy (HP8453 spectrophotometer; Agilent Technologies, Palo Alto, CA, USA). To obtain an accurate concentration of tPA, light scattering interference at 280 nm was subtracted by linear regression extrapolation at 340, 370, and 400 nm. Aggregation in the samples was expressed as an aggregation index (AI), which was calculated using the equation AI = 100 Â LS 280 / (Abs 280 j LS 280 ), where LS 280 is the absorbance at 280 nm determined by linear regression extrapolation through 340, 370, and 400 nm.
Conformational stability of tPA was determined by measuring nebulization-induced changes in A/B ratio obtained from the second derivative UV spectrum (350 and 280 nm), which was used to assess perturbations in the tertiary structure of the protein (10, 11) . The A/B ratio is the peak-to-valley intensities corresponding to the tyrosine and tryptophan peaks, respectively, in second derivative UV absorbance spectra (11) . Protein concentration was determined preceding and following nebulization by using the adjusted 280-nm absorbance value and an extinction coefficient of 1.9 for a 1 mg mL j1 solution of tPA. Percent protein recovery was calculated by measuring the concentration of tPA in the pre-and postnebulized samples and was expressed as a percentage of the prenebulized concentration. The original tPA formulation was nebulized and analyzed for comparison. The prospectively defined feasibility criteria required for a formulation to be eligible for further analysis were an aggregation index (AI) e 10 (a clear solution with few, if any, particulates), an A/B ratio <10% different from native tPA, and a protein recovery Q40% (with a coefficient of variation e10%) (12) .
Measurement of Biologic and Fibrinolytic Activities
The biologic activity of tPA formulations that met protein stability feasibility criteria was determined by the ability of each formulation to inhibit phorbol myristate acetate (PMA)-induced human neutrophil production of O 2 &j , as measured by horse heart ferricytochrome c reduction (2) . This study complied with the tenets of the Declaration of Helsinki promulgated in 1964, and was approved by the Colorado Multi-Institutional Review Board; written informed consent was obtained from all study participants. Neutrophils were isolated from whole blood (60 mL) obtained via venipuncture of a healthy medication-free adult. The whole blood was anticoagulated with 3.8% sodium citrate and separated over a sodium diatrizoaleYDextran 500 gradient (Polymorphprep; Greiner Bio-One Longwood, FL, USA) as previously described (13) ) and the plate was incubated again (60 min, 37-C). The production of O 2 &j was measured as cytochrome c reduced (550 nm) every 2 min for 1 h. The kinetic disposition of each treatment was compared.
Formulations of tPA that retained antiinflammatory activity were assessed for fibrinolytic activity by measuring the cleavage of human plasminogen to plasmin following Fig. 1 . Schematic representation of the human lung replica into which tPA formulation was nebulized. The labels represent physiologic sections of the airway. Impingers were connected to the terminal outlets of the cast (sections B1Y5 and T1Y5) to collect any formulation that did not deposit in the cast. The gray cut lines represent approximate points at which the lung replica was sectioned. nebulization. Native tPA or tPA formulations (100 mg mL j1 ) were incubated with human plasminogen (375 mg mL j1 ; Enzyme Research Laboratories, South Bend, IN, USA) for 5 h (37-C) at a reaction volume of 50 mL. Following incubation, protein bands were separated by 10% SDS-PAGE and gels were visualized by Coomasie blue stain.
The rate of cytochrome c reduction for each experiment was determined from the slope of the time vs. cytochrome c (mM) reduced curve using an extinction coefficient of 21.1 mM j1 cm j1 for cytochrome c (14) . The mean (TSEM) rate of cytochrome c (mM min j1 ) reduced for each formulation was determined and compared with the mean rate of cytochrome c reduction for PMA control treatment using analysis of variance (ANOVA). Post-hoc analyses were performed using a Fischer's PLSD test for cytochrome c reduction and a p value e 0.05 was considered significant. Data analysis was performed using the statistical software StatView (Cary, NC, USA).
The feasibility criteria for maintenance of biologic activity of the tPA formulations was an inhibition of O 2 &j generation by at least 50% compared to PMA control treatment. Furthermore, for a formulation to meet biologic feasibility, treatment of neutrophils with the tPA formulation alone could not induce neutrophil O 2 &j production. It was also required that tPA formulations retain fibrinolytic activity following nebulization.
Determination of Aerodynamic Parameters by Cascade Impactor
Aerodynamic parameters of formulations that met biologic and fibrinolytic feasibility criteria were measured using a seven-stage nonviable Thermo-Electron cascade impactor (Waltham, MA) operated at 60 L min j1 . Each drug formulation was nebulized into the cascade impactor for 15 min after which the cascade impactor was disassembled and each stage plate was weighed. The mass of deposited formulation was determined. Effective cutoff diameter (ECD), which is the smallest particle size capable of depositing on a given stage and the cumulative percent less than size range, was determined by comparing the deposited mass of all stages below a particular size limit to the total mass collected on all stages (15) . Aerodynamic properties of each formulation nebulized into the impactor were plotted on a logprobability graph. From linear regression, the mass mean diameter (MMD) and geometric standard deviation (s g ) ) showed enhanced stability.
were calculated. The MMD was calculated at the 50th percentile acquired from the regression line and the s g was determined using the equation s g = (diameter at 84.13%/ diameter at 15.87%) 1/2 (15) . The respirable dose (percent of particles e 5 mm) was extrapolated from the regression line of the log-probability plots (15, 16) . Each formulation was analyzed in triplicate. A formulation was considered feasible if the respirable dose was at least 10% (15) .
Airway Deposition Into a Human Lung Replica
To estimate lung deposition efficiency, the most feasible tPA formulation was nebulized into a replica of the human airway. The human lung replica is a useful tool for the estimation of airway deposition because it mimics the aerodynamic characteristics of the human airway and allows for a more precise characterization of the lower airway to the fourth bronchial generation (17) . It also permits a better estimation of oral and throat deposition compared with the cascade impactor (15, 16) . However, drug deposition at the alveolar level is not assessed by this model; rather, an estimation of deep lung deposition is made by measuring the amount of drug that passes through the replica without depositing.
The human airway replica and oral cavity was made from Dow-E silicone rubber as previously described (17, 18) . Briefly, the oral cavity of the cast was obtained from a human volunteer, whereas the remainder of the airway cast was produced from a human cadaver. Wax was poured into the production airway mold and was allowed to solidify; then the cast was removed. To minimize the effect of electrostatic deposition, an electrically conductive silicone rubber compound (KE-4576, one-component RTV; GemTech, Grapevine, TX, USA) was applied to the wax mold. Multiple identical rubber casts were made from the production mold allowing multiple deposition determinations. During nebulization, airflow distribution in each terminal airway of the cast was measured using a hot-wire anemometer probe (Model 8470; TSI, Inc., St. Paul, MN, USA). The overall airflow of the model was set at 30 L min j1 . For each of the three casts, tPA formulation (10 mg) was nebulized into the cast. The drug penetrating the terminal branches of the cast was collected in each of the ten impingers. Following nebulization, the airway cast was cut into sections, as shown in Fig. 1 , and the protein was eluted from each section. Protein concentration in the eluate was determined by bicinchoninic acid protein assay (Pierce Biotechnology, Rockford, IL, USA). The total amount (mg) of tPA formulation that deposited in regions B1Y5 and T1Y5 of the human airway replica was represented as a percentage of the total tPA formulation nebulized into the airway cast (total protein deposited in all regions of the cast). This value indicated the deposition efficiency of the formulation in the lower regions of the human airways (regions below the 4th generation of the airway cast). Feasibility criterion used in the human lung replica dictated that at least 10% of the formulation must deposit in the lower airways (regions below the 4th generation of the cast) (Fig. 1) .
RESULTS
Protein Stability
Twenty-seven formulations were initially screened for protein stability. The tPA concentration ranged from 0 to 1 mg mL j1 and Tween 80 concentration ranged from 0 to 0.5%. Protein recovery and stability varied upon nebulization, based on the tPA and surfactant concentrations of the formulations. As the surfactant concentration increased (with an optimal concentration of 0.1%) and as protein concentration increased (with an optimal concentration of 1 mg mL j1 ), the stability of the nebulized protein was enhanced (Fig. 2 ). There were 15 formulations that met the feasibility criteria of protein recovery and stability. They had a tPA concentration of 0.5Y1.0 mg mL j1 , a surfactant concentration of 0Y0.5%, and exhibited an AI of less than 10 (Table I) . Formulation #27 was selected for further analysis despite an AI of 14.1 due to exceptional recovery and stability characteristics. Formulations that failed to meet the stability criteria typically had low initial protein concentrations (e0.25 mg mL j1 ) or low Tween 80 concentrations (e0.1%). All assessments were made from three individual measurements before and after nebulization.
Biological Activity
Biological activities of the formulations that met the protein stability feasibility criteria were assessed. Three of the nebulized formulations (#1, #25, and #27) maintained the ability to reduce the rate of PMA-induced neutrophil O 2 &j production (Fig. 3) . Therefore, inhibition of O 2 &j production by human neutrophils was reduced by 84.1, 50.4, and 57.9% for formulations #1, #25, and #27, respectively. In addition, exposure of neutrophils to these formulations in the absence of PMA did not prompt O 2 &j production. The remainder of the tested formulations either failed to inhibit PMA-induced neutrophil O 2 &j production by at least 50% or activated the neutrophils independent of PMA administration.
Fibrinolytic Activity
The enzymatic activity of formulations #1, #25, and #27 was assessed by the ability of each tPA formulation to cleave human plasminogen to the active product plasmin. The Genentech tPA formulation was used in an unaltered form as a reference for typical recombinant tPA fibrinolytic activity. Following the 5-h reaction period, each of the three formulations cleaved plasminogen comparable to that of native tPA (Fig. 4) . These data show that nebulization did not impair the enzymatic activity of the protein compared with native, nonnebulized tPA.
Aerodynamic Properties Determination
Formulations #1, #25, and #27 were evaluated for their aerodynamic properties using a Thermo Electron cascade impactor system. Each of the three formulations were nebulized into the cascade impactor, and particle size distribution was determined on three separate occasions. The MMD of the nebulized formulations was 2.4, 3.1, and 2.8 mm for formulations #1, #25, and #27, respectively. These values represent the average particle size of the nebulized formulation where half of the particle sizes are larger than this value and half of the particle sizes are smaller than this size value. s g was also calculated from the linear regression of the particle size distribution with values of 2.7, 1.9, and 2.5 mm for formulations #1, #25, and #27, respectively (Fig. 5) . s g describes the distribution of particle sizes about the MMD. A s g greater than 1.22 is characteristic of most aerosols and illustrates a heterogenous mixture of particle sizes. This is also described by the log-probability distributions of the individual stage mass balances (Fig. 5) . A linear correlation between ECD and cumulative percent less than size range represents an evenly distributed range of particle sizes of the nebulized formulations. Respirable dose was also calculated as a function of particle distribution (e5 mm) based on the linear regression of the log-probability plot. Nebulization of all three formulations resulted in a respirable dose of Q65%. Based on particle size distribution and respirable dose, all three formulations nebulized into the cascade impactor met feasibility criteria.
Deposition Efficiency in an Human Airway Replica
To assess the lung deposition efficiency of nebulized tPA formulation, a four-generation replica of a human lung was used. Because formulation #27 exhibited the optimal performance in the biological assays and aerodynamic characterization, it was chosen for testing in the lung cast model. The protein concentrations from each cast section were divided into appropriate physiologic sections (Fig. 1) . The feasibility goal of Q10% lower airway deposition required that at least 1 mg of the tPA formulation deposit in the regions B1Y5 and T1Y5. A large portion of the tPA deposited in the oral, larynx, and trachea regions (33.3% for these three sections) (Fig. 6) . The intermediate airways (cast generations 1Y4) showed less than 5% formulation deposition. On average, 18% of the formulation did not enter the cast and was trapped in the tee that joined the nebulizer to the oral region of the cast or remained in the nebulizer reservoir. Greater than 45% of the 10-mg nebulized dose deposited in the lower airways (below 4th generation). This demonstrated that formulation #27 met the feasibility criterion for pulmonary deposition in the human lung replica.
DISCUSSION
The results of this study demonstrate the feasibility of tPA formulated for pulmonary delivery by showing that nebulization of the protein generated a respirable aerosol that maintained biologic and fibrinolytic activities necessary for therapeutic administration. Clinically, tPA has been delivered systemically for treatment of MI and stroke (19, 20) . We have demonstrated that tPA possesses antiinflammatory properties in addition to the well-characterized fibrinolytic activity (2, 21) . Taken together, the antiinflammatory and fibrinolytic activities of tPA could prove beneficial in the treatment of ARDS because the condition is associated with both an acute inflammatory response and fibrin deposition (22Y24). The data presented in this study support the feasibility of formulating tPA for nebulization and pulmonary delivery. Although there have been anecdotal reports of pulmonary delivered plasminogen activator, this work is the first report to demonstrate the feasibility of a pulmonary formulation using a systematic and scientific approach (25, 26) .
Nebulization was chosen as the delivery method for pulmonary tPA. Nebulization has been used extensively for the delivery of pharmaceuticals in the treatment of cystic fibrosis, asthma, and diabetes (27Y29). One of the advantages of nebulization is that it is routinely available in the clinical setting. Another advantage of nebulization is that it permits targeted lung delivery of the antiinflammatory and fibrinolytic activities of tPA that, as evidenced by this work, was not compromised by the process of nebulization. Although nebulization of a protein formulation has traditionally proven challenging due to loss of protein by aggregation and disruption of protein function, the prospectively defined feasibility criteria in this study were met. This was accomplished by enhancing the structural protection of the protein using varying concentrations of Tween 80, which resulted in the identification of several feasible pulmonary formulations of tPA.
Our work also revealed the suitability of tPA pulmonary formulations for aerodynamic particle distribution and respirable dose determination. An aerosol formulation is considered optimal for lower airway deposition if it exhibits a particle size e5 mm (16) . As determined by cascade impactor, the MMD and s g of each formulation were within the range of an ideal aerosol (MMD: 2.4Y3.1 mm; s g : 1.9Y2.7 mm) accessible to the lower airways. All three tPA formulations assessed by cascade impactor exhibited a heterogeneous distribution of particle sizes, indicating that the particle sizes were varied and evenly distributed. The mass of aerosol deposited within the cascade impactor indicated that the nebulization of each formulation resulted in a respirable dose of at least 65%.
Although assessment by cascade impactor is an established measure of particle size, this method does not accurately estimate the physiologic distribution of a formulation in the human lung. Therefore, we elected to utilize a human lung replica to evaluate the deposition of tPA formulation in specific lung regions. Formulation #27 was chosen for assessment in the human lung replica because it exhibited optimal representing the distribution of nebulized particles in the cascade impactor. Nebulized pulmonary formulations having a normally distributed range of particle sizes will follow a linear relationship when the mass balances of the cascade impactor stages are plotted on a log-probability graph. All three nebulized formulations showed linear relationships (R 2 = 0.9385, 0.9166, and 0.9352 for formulations #1, #25, and #27, respectively). structural, biologic, and particle size characteristics compared with other tPA formulations. The human lung replica offered a more accurate approximation of formulation distribution in the airway due to the differing airflow dynamics of the bronchial branches vs. the constant airflow characteristics of the cascade impactor (17, 18) . In general, the pulmonary delivery of medications is an inefficient process with only 10% of the nebulized drug reaching lower airways (30) . However, nebulization of the tPA formulation into the human lung replica showed 45% deposition efficiency into the lower airways. This approach provided a more accurate approximation of mouth and throat deposition than the cascade impactor. The substantially greater deposition in the lung replica model could be influenced, in part, by the constant airflow of the system. Furthermore, the lung replica does not account for particles that would tend to be exhaled by normal respiration. In the human lung replica model, large particles deposit in the large airways by inertial impaction. For smaller particles (e3 mm), the predominant mode of deposition is diffusion. Therefore, small particles are able to pass through the upper airway and will deposit in the mid-to lower airways by diffusion. Use of the lung replica for assessing the feasibility of the formulation proved that a tPA formulation could be generated that was effectively delivered into the human lung with an expectation of suitable lower airway distribution.
This study proved the feasibility of a pulmonary formulation of tPA by demonstrating that protein stability and antiinflammatory and fibrinolytic activities were maintained following nebulization. Furthermore, the aerodynamic characteristics of the formulation were conducive to delivery of protein to the lower airways of the human lungs. Nebulized tPA could prove particularly advantageous in the treatment of ARDS, because recent studies demonstrate the involvement of the coagulation system in the pathogenesis of ARDS (31, 32) . The fibrinolytic activity of tPA coupled with its antiinflammatory activity could alleviate fibrin deposition and inflammation in the ARDS lungs. Because the formulation of tPA for pulmonary delivery has proven feasible, we plan to extend this work to assess its efficacy and toxicity in animal models. Additionally, increasingly detailed assessments of protein structural and conformational stability will be performed to further optimize tPA for pulmonary delivery.
